We have presented in this paper a systematic study predictive of the physical elastic constants, thermoelectric properties, correction of the gap, and the polarization by the application of spin-orbit coupling on Ti2PdX compounds (X = Al, Ga, and In) using first principles quantum mechanics calculations. The structural optimization was performed using generalized gradient approximation and spin-orbit coupling within full potential linear augmented plane wave method. The alloys are found to be ferromagnetic semi-metallic in the Hg2CuTi structure-type with a total magnetic moment per unit cell equal to 3.00 µB. The stability is assessed from the physical point of view. The half-metallicity is conserved when varying the lattice constant from 5.8 to 7.0 Å. The compounds obey the Slater rule M t = Zt − 24. The thermoelectric performance of our compounds are done by combining the results of ab initio band-structure calculations and the Boltzmann transport theory in the framework of the constant relaxation time (τ ) approximations as incorporated in BoltzTraP code.
Introduction
German mining engineer and chemist Friedrich Heusler was the first to study such alloys in 1903. These alloys contain two proportions of copper, a proportion of manganese and a proportion of tin, which give Cu2MnSn and having the following properties. Its magnetism varies considerably with heat and composition [1] . They were found to have room-temperature saturation induction of about 8000 Gs, which is higher than that of nickel (about 6100 Gs), but smaller than that of iron (about 21500 Gs). First studies, out by Bradley and Rogers [2] [3] [4] in 1934, showed that the ferromagnetic phase at room temperature corresponded to a totally ordered L21 structure [5] . This structure (Cu2MnAl) is characterized by a cubic primitive lattice consisting of copper atoms with meshes centered alternately by manganese and aluminum atoms with a lattice parameter of 5.95 Å. The molten alloy has a solidification temperature of about 910
• C. When cooled below this temperature, it is transformed to the beta cubic centered disordered solid phase. Below 750
• C, a B2 ordered lattice is formed with a primitive cubic lattice of copper atoms which is centered by a disordered sub-lattice of manganese and aluminum atoms [6] . * corresponding author; e-mail: abdelkader.boudali54@gmail.com
Cooling below 610
• C induces, moreover, order of the sublattice of manganese and aluminum to L21 structure [7] . In non-stoichiometric alloys, order temperatures decrease and the temperature range of annealing, where the alloy does not form micro-precipitates, becomes smaller than that of the stoichiometric material [1, 8] . Oxley found a value of 357
• C for the Curie temperature, below which the alloy is ferromagnetic [9] . Neutron diffraction and other techniques have shown that a magnetic moment of about 3.7 µ B lies almost exclusively on manganese atoms [10] . Since these atoms are separated by 4.2 Å, the exchange interaction, which aligns the spins, is probably indirect and occurs via the conduction electrons or the aluminum and copper atoms [9, 11] . Electron microscopic studies have shown that thermal antiphase boundaries (APBs) form during cooling through order temperatures, since the ordered domains nucleate in different centers within the crystal lattice and are often in phase where it meet [6] . The anti-phase domain increases when the alloy is annealed. There are two types of APBs corresponding to the B2 and L21 order types. APBs also form between the dislocations if the alloy is deformed. At the thermal anti-phase boundaries (APB), the manganese atoms are closer than the mass of the alloy and, for non-stoichiometric alloys with an excess of copper (e.g. Cu 2.2 MnAl 0.8 ), an antiferromagnetic layer forms on each thermal APB [12] . These antiferromagnetic layers completely replace the normal structure of the magnetic domain and remain with the APBs if they (409) grow by annealing the alloy. This substantially modifies the magnetic properties of the non-stoichiometric alloy with respect to the stoichiometric alloy which has a normal domain structure. This phenomenon is probably related to the fact that pure manganese is antiferromagnetic although it is not clear why the effect was not observed in the stoichiometric alloy.
Similar effects occur at APBs in the ferromagnetic alloy MnAl in the stoichiometric composition [13, 14] . Another useful (interesting) Heusler alloy is the class of materials known as ferromagnetic shape memory alloys. These are generally composed of nickel, manganese, and gallium and can change their length by up to 10% in a magnetic field [15] [16] [17] .
Electronics was a huge development in the last three decades, but little attention has been given to the inclusion of magnetic materials in integrated electronic devices [18, 19] . However, a new field of electronics and spintronics has attracted widespread attention recently. In the spintronic context, both the spins and the electrical charge of electrons are controlled in the information transfer operation in the circuits [20, 21] .
For a long time, magnetic materials and semiconductors have been developed separately with magnetic materials mainly used for data storage such as in hard disc drives in processors. It is a major challenge to integrate the two classes of materials for the development of spintronics devices.
Spintronics devices combine the advantages of magnetic materials and semiconductors to be multilateral, fast and non-volatile. Currently, technological and industrial advances in various fields are highly dependent on the advancement of research in the magnetic materials field (new characteristics of materials must be taken into account: spin polarization, conduction band, polarized carrier symmetry, the magnetism of the interfaces, etc.) [22] [23] [24] .
One of the spintronics applications is the use of halfmetals. One of the main properties of these materials is "half-metallicity", that is, the conduction electrons are 99.2% spin-polarized due to a deviation at the Fermi level [25] . This phenomenon stimulates a great interest in the development of materials that possess this property; a new class was predicted called ferromagnetic half-metals. A promising class of these materials is the Heusler alloys and more precisely that of the Mn-based ferrimagnetic Heusler alloys which has received considerable attention in theoretical studies [26] [27] [28] [29] [30] .
In this work, we study the alloys Ti 2 PdX (X = Al, Ga, and In) which is not yet synthesized. The study is carried out using ab initio simulation, within the framework of the density functional theory (DFT), at which we propose to perform the structural, electronic, and magnetic properties. In addition, we present the theoretical study of transport properties (of the compounds studied) calculated using the Boltzmann theory implemented in the BoltzTrap code [31] . In this work, we studied the structural, elastic, electronic, and magnetic properties of the same materials studied by Berri et al. [32] , but with the spin-orbit coupling correction that is necessary for the Pd, our results in particular the gaps and the polarization are much better improved compared to the results of Berri et al. [32] . In addition, we have studied the elastic and thermoelectric properties of the same materials that have not been studied before to our knowledge.
Calculation method
We have calculated the structural, elastic, electronic, magnetic, and thermoelectric properties of the full Heusler alloy Ti 2 PdX (X = Al, Ga, and In) by using the first principle theory based on the full-potential, linearized augmented plane wave method [33] in the framework of the DFT [34, 35] as implemented in the code WIEN2k [36] . The exchange and correlation energy is treated by the generalized gradient approximation (GGA) [37] and the Boltzmann transport equation under the constant relaxation time approximation (RTA) [38] [39] [40] , for charge carriers as implemented in the BoltzTrap code [31] . Wave functions, electronic densities, and potential are expanded in the basis of spherical harmonics around atomic sites in muffin-tin spheres with a cut-off max = 12, while in the interstitial region, the set of basic function are taken as the Fourier series with a cut-off R M T K max = 8 (where R M T is the radius of the muffintin sphere and K max is maximum wave vector for the basis set of plane waves). Within this predictive calculation, it has been shown that our studied compounds are ferromagnetic, with a total moment M t = 3.00 µ B . As we know, in ab initio calculations the crystal structure is very necessary to predict the physical properties of such material.
Our compounds belong to full Heusler family X2YZ which crystallizes in the cubic phase of space group No. 225 (F m-3m) or No. 216 (F -43m) whose atomic positions are shown in Fig. 1a and b. With an accuracy on the order of 10 −4 Ry, the structural properties are achieved by sampling of the Brillouin zone grid (14 × 14 × 14) with 120 special k-points in the first Brillouin zone. The used muffin-tin radii R M T , of the constituent elements of the studied compounds, are reported in Table I . The cutoff energy, which defines the separation between the core and valence states, is set to −6.0 Ry. The relativistic effects are taken into account by the use of the scalar relativistic approximation to calculate the electronic states. For the electronic and magnetic calculations of the cubic Heuslers Ti 2 PdX (X=Al, Ga, and In), we calculate the total and partial densities of states as well as the band structure along different directions of high symmetry using a grid (14 × 14 × 14) with 120 special points corresponding to 3000 k-points in the first Brillouin zone. As stated above, we used GGA approximation instead of local-spin-density approximation (LSDA) since GGA gives more accurate results, especially for electronic properties, but unfortunately it underestimates the gap [41] , typically by 30 to 50%, without affecting the other electronic properties. This is due to the fact that the exchange and exact-correlation potentials, which are unknown, are discontinuous when the system goes from N to N ± 1 particles [42, 43] , because DFT does not have an equivalent of Koopmans' theorem for the Hartree-Fock method to calculate E(N ) − E(N ± 1) where E is the total energy of the system [44] . This discontinuity of potential also exists for hybrid functional systems (B3LYP, B3PW, etc.), based in part on an exact exchange potential of the HartreeFock type. But hybrid functional systems give gaps more comparable to the experimental gaps than those provided by LDA or GGA, through moving the whole conduction band to the valence band. Some authors solve this problem by using an operator scissors; this amounts to moving toward the higher energies of the calculated conduction states by a quantity equal to the difference between the experimental gap and the calculated gap. For our part, we preferred to present our results as they were obtained. Calculations are performed taking into account the semi-core states due to the important overlap between these states and the valence states. For the band structure calculations, the equilibrium lattice parameter of each studied material is estimated. The space group of our materials Ti 2 PdX (X = Al, Ga, and In) is F m-3m. As mentioned above, relativistic scalar approximation is used for heavy atoms which have important electronic charge. Finally, the spin-orbit coupling is not considered since it affects slightly the results. 3. Results and discussions
Structural properties
Figure 1a and b illustrates the two possible structures in which the full-Heusler alloys X2YZ crystallize: the CuHg 2 Ti structure-type and the Cu 2 MnAl structuretype. All our calculations are realized for the most stable phase which can be found by performing structural optimization of both FM and PM phases of Ti 2 PdX (X = Al, Ga, and In) in CuHg 2 Ti and Cu 2 MnAl structuretype. The optimization consists in calculating the total energy as a function of the volume of the unit cell. After fitting the total energy to the equation of state of Murnaghan [45] , the obtained results are presented in Fig. 2a and b where it can be clearly deduced that for all the studied compounds, the FM phase is the most stable with significantly smaller equilibrium energy than that of the PM phase.
The equilibrium energy of the two both phases are also determined and are listed in Table II . The formation energy indicates the stability of the alloys in regard of decomposition into its bulk constituents. The formation energy is calculated using the formula
Pd and E bulk X (X = Al, Ga, and In), correspond to the total energy per atom for Ti, Pd, and X atoms, respectively, obtained by the same approximation used in the calculation of E total Ti2P dX . We found that the calculated formation energies are -1.66, -1.56, and −1.47 Ry for Ti 2 PdAl, Ti 2 PdGa, and Ti 2 PdIn, respectively, which indicates that the Ti 2 PdX (X=Al, Ga, and In) alloys are thermodynamically stable due to their negative formation energies.
Elastic properties
It is well known that for cubic materials, three independent elastic constants are needed to describe the crystal elasticity: C 11 , C 12 , and C 44 . The elastic constants C 11 and C 12 are obtained by application of a stress tensor with the orthorhombic volume retained. For the elastic constant C 44 , a monoclinic stress tensor with a conserved volume is used.
Another important elastic property is the elastic anisotropy of a crystal which is evaluated by the so-called the anisotropy factor. The former provides information about eventual microcracks or other structural defaults appearing during the crystal growth process. The anisotropy factor A unity for isotropic materials [46] , is the usual anisotropy factor given by
The elastic anisotropy A * is given by [47] :
A * have the following properties of practical importance:
1. A * is zero for the crystals of the elastic isotropy, i.e., A = 1.
For an anisotropic crystal, A
* is a single-valued measure of the elastic anisotropy regardless of whether A < 1 or A > 1.
A
* gives a relative magnitude of the actual elastic anisotropy possessed by a crystal. (A−1) , whether positive or negative, is a measure of the degree of elastic anisotropy of the material.
The difference
The calculated structural and elastic properties for Ti 2 PdX (X = Al, Ga, and In) compounds are summarized in Table III with no experimental or other theoretical data. The conditions of mechanical stability for cubic crystals should verify the obtained results of the elastic constant and the bulk modulus: [48, 49] . The obtained results show that the FP-LAPW method is an appropriate and efficient manner to investigate structural and elastic properties. 
Electronic and magnetic properties
The plots of the spin-up and spin-down band structure of Ti 2 PdX (X = Al, Ga, and In) full Heusler compounds are presented in Fig. 3a-f . The band structures of our compounds are similar in shape; all these compounds exhibit a metallic behavior for the spin-up band structure, since the conduction and valence bands overlap at the level Fermi, while an indirect gap Γ − X is observed near the Fermi level for the spin-down band structure indicating a semiconductor character of these compounds. Thus, the Ti 2 PdX (X = Al, Ga, and In) compounds are half-metallic.
To elucidate the band structures, we calculated the partial and total densities of states for spin-up and spindown of Ti 2 PdX (X= Al, Ga, and In) compounds at equilibrium lattice constant. The representative curves of PDOS and DOS are shown in Figs. 4, 5, and 6. The calculated total magnetic moment for Ti 2 PdX (X = Al, Ga and In) compounds is 3.00 µ B which agree with the Slater-Pauling rule M t = Zt − 24 and with the atomic magnetic moment of Ti(1), Ti(2), Pd, Al, Ga, and In. The effective magnetic moments, optimized energy are tabulated in Table IV . The spin-up channel exhibits a metallic character of the compounds since the DOS intersects EF, while the spin-down channel shows a semiconductor nature with a weak indirect gap Γ → X of 0.45, 0.50, and 0.45 eV without spin-orbit coupling, while with spin-orbit coupling the gaps are 0.44, 0.49, and 0.35 around the Fermi level for Ti 2 PdX (X = Al, Ga, and In), respectively. This behavior leads to 99.1%, 99.3%, and 99.4% carrier spin polarization at EF, giving rise to half-metallic ferrimagnet compounds. From Figs. 4 , 5, and 6 we observe in spin-down group that the strongly hybridized Pd-d and Ti (1) (1) and Ti(2) atoms is situated principally above the Fermi level, in between −9 and −7 eV and consists mainly of s states of X atoms. To study the effect of the lattice parameter on the half-metallicity, we performed electronic structure of Ti 2 PdAl, Ti 2 PdGa and Ti 2 PdIn lattice parameter of 6.2519, 6.2235, and 6.4327 Å. From Table III , one sees that, when increasing the lattice constant, the Fermi level moves toward the conduction band and move to the valence band by decreasing the lattice constant. Therefore the half-metallic nature of Ti 2 PdX (X = Al, Ga, and In) is conserved under compression or expansion. Figure 5 shows the magnetic moments of the Ti(1), Ti (2) and Pd atoms as a function of the lattice constant. Local moments can undergo important changes, but the total moment remains constant and equals 3.00 µ B , since E f stays within the gap. Fig. 4 , but for Ti2PdGa. Fig. 6 . As in Fig. 4 , but for Ti2PdIn.
TABLE IV
Total and partial magnetic moments of Ti2PdX (X = Al, Ga, and In) Heusler compounds at equilibrium, and indirect gap around Fermi level. 
Thermoelectric properties

Thermoelectric properties as a function of the chemical potential
To our knowledge, this is the first study to investigate the thermoelectric properties of Ti 2 PdAl, Ti 2 PdGa, and Ti 2 PdIn full Heusler compounds. The performance of a thermoelectric material can be predicted by the value of its figure of merit (ZT), which is related to the Seebeck coefficient, the electrical conductivity and the thermal conductivity by the relationship ZT = σS2T /κ, where S is the Seebeck coefficient, σ is the electrical conductivity, T is the temperature and κ is the thermal conductivity. It is established that materials having ZT greater or equal to unity are considered as excellent candidates for thermoelectric applications [50, 51] . Figure 6a -c shows the variation of ZT with respect to the chemical potential of Ti 2 PdA1, Ti 2 PdGa, and Ti 2 PdIn, respectively. ZT shows approximately the same behavior for these materials.
For all compounds, ZT is clearly very close to the unity at room temperature. ZT increases sharply with the chemical potential and it reaches the maximum values at chemical potentials of −0.1 and 0.1 µeV to which correspond maximum values of the Seebeck coefficient and minimum ones of the thermal conductivity. Beyond these points, ZT decreases rapidly due to the sharp increase of the thermal conductivity. Figure 7a-c illustrates the variation of the Seebeck coefficient of the studied materials Ti 2 PdAl, Ti 2 PdGa, and Ti 2 PdIn respectively, as function of the chemical potential at temperatures of 300, 600, and 800 K. We note that the Seebeck coefficient has the maximum values of 953.5, 1014, and 855 µV/K at room temperature for Ti 2 PdAl, Ti 2 PdGa, and Ti 2 PdIn compounds, respectively. This indicates that our compounds are good thermoelectric materials. The chemical potential values which separate the p and n-types materials are 0.12, 0.02, and 0.11 for Ti 2 PdAl, Ti 2 PdGa, and Ti 2 PdIn, respectively. The Seebeck coefficient curve is characterized by the existence of two peaks in the chemical potential (−1.0, 0.5), (−1, 0.2) and (-1.0, 0.25) µeV, for Ti 2 PdAl, Ti 2 PdGa, and Ti 2 PdIn compounds, respectively, while beyond these ranges, the Seebeck coefficient vanishes rapidly. However, we expect that the compounds Ti 2 PdAl, Ti 2 PdGa, and Ti 2 PdIn have good thermoelectric properties in their chemical potential ranges.
The electrical conductivity relative (σ/τ ) of the Ti 2 PdAl, Ti 2 PdGa, and Ti 2 PdIn compounds is calculated as function of chemical potential. The obtained results are displayed in Fig. 8a-c . We can see obviously that the electrical conductivity has the same feature at temperatures 300, 600, and 800 K for all compounds. The electrical conductivity is almost zero in the chemical potential ranges of (−0.24, 0.30), (−0.3, 0.3) and (−0.23, 0.27) µeV for Ti 2 PdAl, Ti 2 PdGa, and Ti 2 PdIn compounds, respectively. These ranges are all located in the middle of the chemical potential domains, mentioned above where the two Seebeck peaks are located, for all studied compounds. For ptype materials, the electrical conductivity reaches its maximum values at the chemical potential values of −1.26, −1.40, and −1.31 for Ti 2 PdAl, Ti 2 PdGa, and Ti 2 PdIn respectively, at 300 K, whereas for n-type ones, the maximum electrical conductivity values are found at 1.48, 1.49, and 1.37 for Ti 2 PdAl, Ti 2 PdGa, and Ti 2 PdIn, respectively. At these chemical potential energies, for both n and p-type materials, we observe that the electrical conductivity decreases with the increase of temperature.
The electronic thermal conductivity κ/τ versus the chemical potential is calculated independent of the relaxation time τ by mean of the BoltzTraP code. Figure 
Thermoelectric properties as a function of the temperature
To study the thermoelectric properties of the fullHeusler compounds Ti 2 PdX (X = Al, Ga, and In), we used the Boltzmann semi-classical transport theory, based on the Fourier bands interpolation, implemented in the BoltzTraP code. The Seebeck coefficient S, the electrical conductivity σ/τ and the thermal conductivity (κ/τ ) are calculated as a function of temperature (at E F = E F 0 , E F 0 is the Fermi energy at T = 0 K for the studied compounds. We have predicted above that our studied compounds are magnetic materials, so we can use the two-stream model [52, 53] in which the Seebeck coefficient can be expressed as
where Sσ(↑) and σ(↓) are the Seebeck coefficients and the electrical conductivity respectively for both spin-up (↑) and spin down (↓). In addition, it is important to note that the value of S for semiconductors is about 100 times greater than that of metals [54] . It is known that the studied compounds Ti 2 PdX (X = Al, Ga, and In) are not pure semiconductors, but they exhibit a halfmetallic behavior. In the following, we will consider only the spin-down states witch correspond to the semiconductor character of the materials. The Seebeck coefficient, which connects thermal and electrical conductivity, is an important thermoelectric property to estimate thermoelectric performances [55] of materials. Figure 10 shows the temperature dependence of the thermoelectric coefficients of the full-Heusler compounds Ti 2 PdAl, Ti 2 PdGa, and Ti 2 PdIn for the spin down states. It is seen that the absolute values of the Seebeck coefficient of the three compounds increase with the decrease of the temperature. Among the three studied compounds, Ti 2 PdAl shows the highest Seebeck coefficient along the whole temperature scale. Thermal conductivities of Ti 2 PdX (X = Al, Ga, and In) as a function of chemical potential at 300, 600 and 800 K have been presented in Fig. 11 . The electrical conductivities σ(↓)/τ (↓) of the Ti 2 PdX compound as a function of temperature, for the spin down, are plotted in Fig. 12 , at the Fermi level. The electronic conductivity σ/τ slightly in creases with respect to the temperature down to 300 K. The values of σ(↓)/τ (↓) at room temperature are found to be approximately 0.5427 × 10 20 , 1.2284 × 10 20 , and 1.7 × 10
20 Ω −1 m −1 S −1 for Ti 2 PdA1, Ti 2 PdGa, and Ti 2 PdIn, respectively.
In Fig. 13 at the Fermi level, we notice that the Seebeck coe?cient presents almost the same behavior for the all compounds with maximum values of 2824.38, 2842.65, and 2511.73 µV/K at the temperature of 100 K for the full-Heusler compounds Ti 2 PdA1, Ti 2 PdGa, and Ti 2 PdIn, respectively.
In Fig. 14 , we plotted the variation of the electronic thermal conductivity κ/τ with the temperature for the spin-down. We note that κ/τ increases slightly with increase of the temperature and takes the values of 8.30, 11.55, and 15.11 (10 10 W/(m K)) at room temperature for Ti 2 PdAl, Ti 2 PdGa, and Ti 2 PdIn, respectively.
Conclusion
The electronic, magnetic, and thermoelectric properties of Ti 2 PdX (X = Al, Ga, and In) have been studied by combining the study of the electronic structures calculated from the first-principle methods with the Boltzmann transport theory. The density of states of paramagnetic and ferromagnetic states, electronic band structures, and total energy calculations clearly suggest the semi-metallic ferromagnetic ground state for these compounds. The band gap is indirect and lies between the points Γ and X, its value is 0.45, 0.50, and 0.45 eV for Ti 2 PdA1, Ti 2 PdGa, and Ti 2 PdIn spin-down semiconductors (SC), respectively. The total magnetic moment obtained from the calculations is 3.00 µ B per formula unit. The integral value of the magnetic moment confirms the semi-metallic ground state for spin-down. Our study of the thermoelectric is limited to SC spindown. Our materials can be used in spintronics and thermoelectric fields.
